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2Abstract
Green bio-based polymeric membranes are rapidly emerging as materials of choice for a
number of biomedical applications such as in the osseointegration processes. In this work, we
report our preliminary studies on the covalent immobilization of sericin on to green cellulose
membranes for potential applications in the osseointegration field. Initially, the surface of the
cellulose acetate membrane was immobilized with the amino-propyl-triethoxysilane (APTS)
functional group, while the protein was immobilized through glutaraldehyde that was used as
a linker between amino-propyl-triethoxysilane and sericin. The functionalized membranes
were thoroughly characterized by different characterization techniques such as infrared
spectroscopy (FT-IR); Raman spectroscopy, x-ray photoelectron spectroscopy (XPS), scanning
electron microscopy (SEM) and thermogravimetric analysis (TGA/DTG). All these techniques
confirmed the successful functionalization and uniform immobilization of the protein onto the
membrane surface. Subsequently, the performance of the membranes was characterized both
in terms of flows and retention of bovine serum albumin and haemoglobin in the case of
immobilized protein membranes. The retention was found to be more than 90% after 90
minutes of process. Since in these membranes cases, their speed of degradation is essential in
the physiological pH conditions, so the degradation was also studied over a period of three
months and the degradation mechanism is also explained. Furthermore, the membrane
functionalized with sericin has proven to hold great promise for application in bone
regeneration.
Keywords: Membranes, cellulose acetate, covalent immobilization, sericin, biomedical
applications, osteoblasts.
31. Introduction
Various types of polymers based materials are frequently used in a number of applications such
as electronic, automotive, aerospace and in biomedical1-4. Among these, biopolymers based
materials are extensively used in biomedical field due to their biodegradability, nontoxic,
environmental friendliness etc5-8. A special place among the biomaterials of interest is taken
by the ones used in Osseo integration processes as coatings for metal and metal alloy implants.
This field has been in continuous development due to the practical necessity for a number of
emerging biomedical applications. The most important known and used coatings are bioactive
glasses and polymer membranes. The use of bioactive glass as coating is justified by its ability
to deliver, within biological fluids of the implantation surrounding site, ions leading to the
hydroxyapatite formation and bonding the metal implant to bone9-10. Besides the role these ions
have in the formation of hydroxyapatite, they also present antibacterial effect, but it depend on
the ion concentration and the pH value11. The membranes used as coatings for metals and metal
alloy implants are usually made of biodegradable and bioresorbable polymers such as
polylactic acid12, collagen13 or cellulose14. These membranes are designed to promote
osteoblast proliferation at the implantation site through the porosity they possess and also
welding the bone to the implant.
Among various biopolymers, cellulose is a syndiotatic homopolymer consisting of D-
glucopyranose units linked to one another by β- (1-4) -glycosidic bonds and is the most 
abundant organic material in nature15-16. It is estimated that about 5×1011 tons are generated
annually in the biosphere17-19. However, the pure cellulose is hardly soluble in common
solvents and is generally dissolved by the use of toxic chemicals or their mmixture20. To
overcome these issues, cellulose derivatives are used as potential alternatives. Among several
derivatives of cellulose, the most important are carboxymethyl cellulose, nitrocellulose,
4cellulose acetates, hydroxypropyl cellulose and hydroxyethyl cellulose. These are soluble in
water or in a wide range of common organic solvents 21-22.
Among these derivatives, cellulose acetate is mostly used in the synthesis of membranes
due to its versatile solubility in a wide range of aprotic polar organic solvents. This allows the
synthesis of membranes by both solvent evaporation (leading to a porous polymer film) and by
phase inversion. This latter process developed allows the synthesis of a wide variety of
polymeric membranes from a polymer solution and a coagulant (a solvent which is completely
miscible with the polymer solvent but is not a solvent for the polymer). Thus, a solution of
polymer film deposited on a substrate by immersion in non-solvent will lead to polymer
precipitation as asymmetric porous film with different pore diameter on the sides of the
membrane. This is due to the involvement of polymer layers from the film under the coagulant
(which is majority) action on the membrane located on the synthesis substrate that present pores
with a larger diameter (porous surface), the other side having pores with a much smaller
diameter (active area). Because of this naturally derivation, there are a wide range of
biomedical applications such as controlled release of tetracycline23, scopolamine24, or blood
purification in chronic renal dysfunction – Hemodialysis25-26.
Sericin is the component protein of natural silk in a proportion of 17 to 25 wt. % serving
to bond together the fibroin fibers27. Due to its naturally occurring and biocompatibility, the
possibility of developing new sericin based biomaterials or its incorporation for nanocomposite
synthesis especially for bone implants was studied28. In previous studies, functionalization and
derivatization of titanium implants for covalent immobilization of sericin on the metal surface
proved good results for both the functionalization method and proliferation of osteoblasts29.
The chosen method was to immobilize the sericin using glutaraldehyde on derivatized titanium
surface with amino-propyl-triethoxysilane.
5To extend this method to any other metallic alloy used in implantology, the current
work presents the covalent immobilization of sericine on a cellulose acetate membrane that can
be used later to cover the metal alloy implants to increase and improve their osseointegration
properties. The novelty of this research lies in the versatility of the described method, which
can be extended to a much wider range of metals or alloys that cannot be functionalized or
derivatized. In this respect, on the cellulose acetate membrane surface, amino-propyl-
triethoxysilane was initially immobilized. The protein was immobilized by means of
glutaraldehyde as a linker between amino-propyl-triethoxysilane and sericin. The pristine and
functionalized membranes were thoroughly characterized using different analytical techniques
to prove the immobilization of the protein on the membrane surface.
2. Materials and methods
For the sericin immobilization, cellulose acetate was used due to the versatility given
by its molecular structure in the case of partial hydrolysis with the elimination of the acetyl
groups and the formation of free hydroxyl groups for further functionalization reactions. In
order to obtain membranes with immobilized sericin, a solution of 12% cellulose acetate (CA
Merck 67% acetylation degree) was used in N, N-dimethylformamide (DMF, Aldrich Sigma
analytical purity 99.96%). 5 mL of solution was deposited in a 10 cm diameter Petry vessel
and the membranes were obtained by evaporation of the solvent at 50°C for 24 hours. After the
membranes formation, these were successively washed with ultra-pure water and ethanol to
remove any traces of solvent.
For the partial hydrolysis of the membranes, these were treated with a 0.1N sodium
hydroxide solution (Fluka) for 2 hours at 37°C. The amino-propyl-triethoxysilane (APTS)
(Sigma Aldrich) immobilization reaction was carried out in a weakly basic catalysis using a
6solution of 0.1 N sodium hydroxide (2 mL for each membrane) and 20 mL of 20% APTS
solution in ultrapure water at 37°C for 24 hours. After the completion of the reaction, the
membranes were thoroughly washed with deionized water to remove the unreacted APTS.
Subsequently, sericin was immobilized onto the membrane using glutaraldehyde as linking
molecule between APTS and protein. For this, 20 ml of glutaraldehyde (GA, Fluka) 50% in
deionised water, together with 2 mL of 0.1 N sodium hydroxide solution were added to the
membrane with APTS and the temperature was maintained at 40°C for 2 hours. After two
hours, the membrane was washed and treated with 20 mL of sericin solution (Sigma Aldrich)
in 1% deionized water in the presence of 2 mL of 0.1 N sodium hydroxide solution at 37°C for
4 hours. After the completion of reaction, the membranes were washed and kept in ultrapure
water, at cold, to avoid the formation and proliferation of microorganisms on the surface.
Figure 1(a, b) shows the functionalization and derivatization reactions of cellulose acetate
membranes.
Synthesized membranes were analysed by Fourier transform infrared spectroscopy FT-
IR using a Bruker Tensor 27 apparatus with diamond ATR device, in the 600-4000 cm-1 range.
The spectra were recorded as the average of 32 successive measurements, noise bands,
atmospheric carbon dioxide and water vapour from the atmosphere being eliminated. Raman
spectra of the membrane were studied using Raman - DXR Raman Microscope from Thermo
Scientific, using a 633nm laser line, at a total number of 10 scans. Thermal stability of the
membranes was analysed using thermo-gravimetric analysis (TGA) in the temperature range
from room temperature to 600 oC. During all the experiments, a heating rate of 10 oC in nitrogen
atmosphere using a Q500 TA equipment was maintained. X-ray photoelectron spectroscopy
(XPS) was carried out using XPS – K ALPHA (Thermo Scientific) spectrophotometer to study
the extent of APTS coating on the cellulose membrane. Membranes morphology was also
studied by scanning electron microscopy using a FEI XL-30 ESEM-TMP microscope.
7Water flows for the synthesized membranes were measured using a Sartorius device,
membrane discs with a diameter of 4.5 cm being used and an amount of 500 ml of deionized
water with continuous circulation, the vacuum below the membrane being 0.1 bar. The tests
were performed by continuous recirculation of the water volume.
For the retention of the protein, Bovine Serum Albumin (BSA, Merck) and hemoglobin
(Merck) were used, both of analytical purity. These were dissolved in ultrapure water at a
concentration of 10-5M. To determine the concentration, a 10 points calibration curve was used,
the absorbance of proteins being measured by UV-VIS using an Camspec spectrophotometer
both in permeate and in the retentate30 from 10 to 10 minutes, the retention being calculated
using the formula:
C (%) =    −   
  
∗ 100
where Ci is the concentration in permeate, and Cf is protein concentration in retentate.
The membrane degradation was studied by gravimetric method at physiological pH of
7.4. The solution was made by dissolving in deionized water 795.0 mg/L disodium hydrogen
phosphate, anhydrous (Merck), 144.0 mg/L Potassium dihydrogen phosphate (Sigma Aldrich)
and 9000 mg/L sodium chloride (Sigma Aldrich).
For the membrane mass decrease study, samples of 1 cm2 which were previously dried
at 80 ° C for 3 hours, were weighed from 7 to 7 days. The decrease in mass was calculated in
percentages with the formula:
Weight loss (%) =    −  
  
∗ 100
were Wi is the initial membrane mass, and Wf is the degraded membrane mass.
8Cell culture studies were performed using MC3T3-E1 mouse pre-osteoblastic cell line.
These cells were seeded onto the test membranes at a cell density of 104 cells/cm2 and grown
in DMEM (Dulbecco’s Modified Eagle’s Medium) supplemented with 10% fetal bovine serum
and antibiotics under a humidified atmosphere of 5% CO2 at 37 °C. Cell populated membranes
were studied at 24 h and 72 h post-seeding except the cell based assay which was performed
after 24 h of incubation.
Possible cytotoxic potential of the membranes was evaluated by analyzing the activity
of lactate dehydrogenase (LDH) released by MC3T3-E1 pre-osteoblasts into the culture
medium as a marker of cell death and lysis of the plasma membrane. This study was carried
out in triplicate in the cell culture medium, kept in contact with the membranes for 24 and 72
h, by using a cytotoxicity detection kit (Tox-7, Sigma-Aldrich) according to the manufacturer's
protocol. Absorbance was evaluated at 490 nm using a microplate reader (Thermo Scientific
Appliskan).
The viability of pre-osteoblasts on the membranes was evaluated by live/dead staining
(LIVE/DEAD Viability/Cytotoxicity Kit, L-3224, Invitrogen). Briefly, after 24 and 72 h of
incubation, cell populated membranes were rinsed three times with PBS (phosphate buffered
saline) and then incubated with live/dead stain (2 mM calcein AM and 4 mM ethidium
homodimer-1 (EthD-1)) for 30 min at room temperature. Viable cells (green) and dead cells
(red) were evaluated under a fluorescence microscope.
Cell proliferation rates were investigated with MTT [3-(4, 5-dimethyl thiazol-2-yl) 2,
5-diphenyltetrazolium bromide] colorimetric study which also represents a useful indicative
for cell metabolic activity.
The pre-osteoblast cells grown onto the membranes for 24 h, were fixed with 4%
paraformaldehyde, permeabilized and blocked with 0.1% Triton X-100/2% bovine serum
9albumin for 1 h and washed with phosphate buffered saline (PBS). Subsequently, phalloidin
coupled with Alexa Fluor 488 was added, to label actin filaments and DAPI (4′6-diamidino-2- 
phenylindole) to visualize the nuclei. Labeled membranes were washed 3 times with PBS and
examined under an inverted microscope equipped with epifluorescence (Olympus IX71). The
microscopic images were captured using the Cell F software.
Statistical analysis for LDH and MTT assays was performed using one-way ANOVA
with Bonferroni's multiple comparison tests. All values are expressed as mean value ± standard
deviation (SD) of three independent experiments and differences at p ˂ 0.05 were considered 
statistically significant.
3. Results and discussions
During the last few years, polymeric membranes from biorenewable resources have
become a subject of intense research, especially for applications in the biomedical field. Most
of the applications of membranes in biomedical field requires the presence of suitable
functional groups on their surface and several methods have been used to incorporate such
functionalities in the membranes. We have carried out extensive study in this field and our
previous research has been focused on the derivatization of titanium (used in implantology)
with APTS and ethanolamine for subsequent membrane binding for osseointegration31.
Membranes immobilized on titanium can be of collagen or cellulose derivatives, with dual
roles: both for promoting the osseointegration process through membrane porosity and for
potential applications in controlled release of drugs at the implantation site. Among various
biopolymers, ethyl cellulose has a great advantage in such type of applications because by the
membrane degradation, the released majority compound is glucose. A drawback would be the
fact that in addition to glucose, depending on the degree of acetylation of polymer, acetate
residues are released into the body. They readily accept a proton to form acetic acid which
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leads to a decrease in local pH. The higher the degree of acetylation of the polymer, the higher
will be the amount of acetic acid released locally and thus the membrane degradation speed
that is dependent on the environment acidity or alkalinity. In our study, APTS role is to enable
the subsequent immobilization of the sericin as protein that favours the osseointegration
process through glutaraldehyde as connecting linker31.
Derivatization of the hydroxyl groups from cellulose acetate is one of the biggest issue
because these functional groups are reactive with other hydroxyl groups and also with APTS
amino groups. A catalyst that is weakly basic in the temperature range of 80-100oC is highly
desired for an enhanced reactivity of the amino group as well as to facilitate the synthesis
reaction between different amino and hydroxyl groups. “By the use of strong base catalysis,
the reaction results in the formation of ether derivatives, the amino group exhibiting low
reactivity. At the same time, strong basic catalysis causes the hydrolysis of the ethoxy groups
from the APTS, as an intermediate step of the reaction”31. We have used different techniques
to confirm the immobilization on the membrane surface. Figure 2 shows the FT-IR spectra of
the synthesized membranes
From the FT-IR spectra (Fig. 2) of the synthesized membranes, a group of bands of
different intensities can be observed in the 800-1200 cm-1 area, with a well-marked maximum
at 950 cm-1 which is the characteristic of the the C-O bond. This functional bonding can be
found in all the synthesized membranes, the discussion being made on its intensity. The
cellulose acetate membrane was considered as reference membrane in this study and presents
the lowest intensity in this area. On the othe hand, the intensities of other studied membranes
increases in the succession: CA-APTS-GA<CA-APTS<CA-APTS-GA-SER. The highest
intensity found in the case of the membrane with immobilized protein, can be explained by the
high density of functional groups. Instead, the lower intensity of this band for the CA-APTP-
GA membrane justifies the conclusion of bonds formation in the reaction between APTS and
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GA (practically a lower number of C-O groups on the membrane material surface). Given the
reaction of protein immobilization, multiple functional groups have the same reactivity, such
as amino and carboxyl. In the case of the reaction with amino group, the functional connection
between the glutaraldehyde and protein that arises is –C=N-, which can be observed at 1650
cm-1. The same connection appears also between APTS and GA, but the greatest intensity is
present in the CA-APTS-GA-SER membrane. In case of the reaction with carboxyl, functional
connections that arise between protein and glutaraldehyde are -CO-O-O- that can be observed
at 1380 cm-1 (high intensity compared to other bands from the area). The huge difference
between SER bands and bands of derivatized membranes can be explained by the many
functional groups arising from synthesized materials. However, currently we are unable to find
a correlation in this regard and working on this issue. These results were further supported by
their respective Raman spectra (Fig. 3). Several new peaks, attributed to the presence of new
functional groups on the pristine membrane were clearly visible. The intensities of the peaks
of the pristine membrane was also intensified after functionalization and results in surface
enhanced resonance scattering.
The pristine celulose acetate membranes prior to and after functionalization were also
characterized using X-ray photoelectron spectroscopy. The survey scan of pristine cellulose
acetate membrane exhibited two discrete peaks, first belonging to C 1s of carbon at 285 eV and
the second belonging to O 1s of oxygen at ∼532 eV (Fig. 4). A small peak belonging to N1s
of nitrogen was also observed at 399 eV and was attributed to N, N’-dimethylformamide
remnants in the membrane pores. In contrast to the pristine cellulose acetate membrane, the
functionalized/ derivatized cellulose acetate membranes showed change in the intensity of the
basic cellulose acetate (CA) peaks as well as the presence of new additional peaks at ∼102 eV,
∼94 eV corresponding to Si2p of silicon for CA-APTS and CA-APTS-GA-SER respectively.
However, we could not see such peak in CA-APTS-GA and this anomalous behaviour is under
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investigation. Thus these results also confirmed the FTIR/ Raman results and immobilization
on to the cellulose acetate membrane. The pristine cellulose acetate membrane exhibited 65.27
% carbon, 31.92 % oxygen; CA-APTS-GA exhibited 69.98 % carbon, 27.85 % oxygen; while
CA-APTS showed 73.6 % carbon, 21.79 % oxygen, 1.92 % Silicon; CA-APTS-GA-SER
showed 67.71 % carbon, 26.46 % oxygen, 2.85 % Silicon. The XPS results clearly confirmed
the functionalization and derivatization of cellulose acetate membranes.
The morphology of the synthesized membranes was studied by scanning electron microscopy.
Fig. 5 shows the SEM images of the membranes active surface: CA (a), CA-APTS (b) CA-
APTS-GA (c) si CA-APTS-GA-SER (d). Figure demonstrates the presence of a dense porosity
on the active surface of the cellulose acetate membrane that can be attributed to the membrane
synthesis method. Preeminent residual polymer formations are not observed, the surface being
clean for the un-derivatized membrane. By derivatization with APTS and GA respectively, one
can observe the membrane roughness growth and the emergence of very small spherical
formations. This change in morphology can be attributed to the crosslinking effect of APTS
and GA that causes “polymer tightening” on the surface. The effect was more pronounced in
the case of membranes derivatized with GA because the surface was much more reticulated
due to the presence of two alkyl groups having the same reactivity as well as a large number
of molecules practically giving dimerization reactions. This effect is visibly attenuated by
sericin immobilization. Immobilized protein membrane has a uniform surface without
pronounced formation due to the reticulation effect, the surface morphology indicating a
uniform coating of the membrane with protein. These changes were also visible on the porous
surface of the membrane, but not as pronounced because both large pores dimensions and this
area was masked by the glass substrate on which derivatization reactions took place.
Thermal study (TGA/ DTG) of the as synthesized and functionalized/ derivatized
cellulose acetate membranes was also carried out since thermal stability is also an imperative
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parameter for industrial applications. Figure 6 shows the thermal stability of the different
cellulose acetate membranes. It is clear from the figure that all the membranes are thermally
stable up to 200 oC and shows only 1-10 % Wt loss in the temperature range from 25-200 oC
that can be attributed to the presence of water/ moisture. However, after this temperature these
membranes showed significant weight loss and can be attributed to the degradation of backbone
polymer as cellulose has been found to be stable only up to 220-250 oC. There was not much
significant difference in the thermal stability of the membranes with the exception of CA-
APTS-GA that can be attributed to the strong interlinking of chains in CA-APTS-GA. These
results were further supported by their respective DTG studies.
Figure 7 depicts the water flow behaviour through the different synthesized membranes.
Due to the cellulose acetate hydrophilicity, water flow has a high value for un-functionalized
membrane starting from 10634 L/m2h for 10 minutes recirculation being stable from 30
minutes at about 9812-9823 L/m2h. The decrease is due to compaction of the polymer layers
from the membrane structure under the action of hydrodynamic force exerted at solvent
recirculation. Instead, the membranes functionalized with APTS and APTS-GA present a much
greater stability of the membrane due to a reticulation effect, the decrease being of only 150
L/m2h after 30 minutes and 100 L/m2h for CA-APTS membrane. After the immobilization of
the protein on the membrane surface, a very high flow rate growth occurs due to strong
hydrophilic nature of this molecule. The hydrodynamic stability of the membrane being
between cellulose acetate membrane and the derivatized with APTS and APTS-GA. This
stability behaviour can be explained as a result of the high distance between the effective
surface of membranes (top layer of protein) and membrane support surface that require a
hydrodynamic stabilization time for both coating and polymer structure of the membrane. Flow
values indicate a large distribution of pores on the membrane surface, as membrane process
ranging between ultrafiltration and microfiltration processes. This type of porosity
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recommends the membranes as potential materials for osseointegration because these favours
the process of osseointegration namely cell proliferation.
In terms of the performance of the synthesized membranes, the retention of bovine
albumin serum and haemoglobin was also studied (Fig. 8a, b). In both cases, the highest
retention was obtained on membranes with sericin immobilized on the surface (91% retentive
for BSA, 96% for haemoglobin). This behaviour is explained both by the protein-protein
affinity by the apparition of hydrogen and ionic weak chemical interactions, as well as by the
very low porosity on the filtering surface due to the large sericin dimension. The higher
retention for the hemoglobin is mainly attributed to the larger molecule of this protein that once
accumulating on the filtering surface allows increasingly less the passing through the
membrane structure of the same species30. At CA-APTS and CA-APTS-GA membranes, the
retention is comparable, the mechanism of adsorption on the surface being explained both by
pore restricting dimensional due to its reticulation effect and also by weak electrostatic
interaction of free electrons from amino groups (for the CA- APTS) and formyl groups (for
CA-APTS-GA) with species of the same kind from marginal functional groups of the protein
structure. Both for the BSA and for haemoglobin, the biggest retention was on the CA-APTS-
GA membrane explained by the smaller pore size due to the double derivatization (observation
supported also by water flow values). The very low retention in the CA membrane case is
explained by its porosity, much higher than in derivatized membranes case and the absence of
weak chemical interactions between the membrane and the studied proteins.
Based on SEM observations and also thermal analysis, fluxes and proteins retentions,
with the derivatization of membranes, the pores diameter was found to decrease. This can be
explained by the crosslinking effect after first derivatization step with APTS with consequence
in water flow decrease due to small size of pore diameter and higher proteins retention. The
effect is more pronounced after reaction with glutaraldehyde, fact observed from the entire
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series of analysis (a part of glutaraldehyde reacts at both functional groups emphasizing the
crosslinking effect).
For the degradation mechanism, membranes mass loss and pH of the used solution was
also studied. In physiological pH solution, the low alkalinity at which the membrane is exposed
is insufficient to immediately break the bonds between sericin-glutaraldehyde, glutaraldehyde-
APTS or APTS-OH bonds from cellulose acetate. Instead, the ether bonds linking glucose
residues from the polymer molecule can hydrolyse more easily, the mass decrease being
primarily explained by the polymer breakage. At the same time, the next bonding that can
easily hydrolyse is the one between glucose and acetyl residues. The release of acetate and the
acetic acid synthesis leads to a pH decrease in the acid zone to a value that is sufficient to
accelerate the hydrolysis and the bonds breakage between components of the composite
membranes. Therefore the membrane degradation rate is low initially, increasing with time.
Figure 9 (a, b) shows the comparative results of membranes mass loss in aqueous solution at
physiological pH and solution pH evolution in time. From the figure, we can observe that the
largest mass loss at 3 months is shown by the un-derivatized cellulose acetate membrane. This
behaviour can be attributed to the lower degree of hydrolysis of acetyl groups with acetic acid
formation which has as a consequence of the pH decrease and an easier hydrolysis of ether
group from cellulose acetate. As one can see from the pH measurement of the solution in which
the cellulose acetate membrane was introduced, this showed the major decrease of pH from 7.4
to 5.2. This membrane also exhibited the largest decrease in mass (47% after 3 months).
Membrane degradation was accelerated by the increasingly acid pH that favoured the ether
groups’ hydrolysis from the glucose molecules residues. By APTS derivatization, this process
is slowed down due to the effect of surface crosslinking that has the effect of both steric
hindrance and remains as the acetyl glucose. Because of this, the process is slow in the
beginning and then accelerates by the increasingly acidic catalysis.
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The aim of biological assays was to comparatively evaluate the in vitro behaviour of
MC3T3-E1 pre-osteoblasts on CA and CA-APTS-GA-SER membranes. The MC3T3-E1 cell–
material interactions were studied in terms of cytotoxicity, adhesion and morphological
features, viability and proliferation status.
In order to investigate the possible cytotoxic effects exerted by the analyzed membranes
on cell viability, the release of LDH into the culture media was quantified as an index of cell
death. As it can be seen in figure 10 (a), MC3T3-E1 pre-osteoblasts profiles of LDH activity
revealed no significant differences between both types of analyzed membranes at any point in
time.
Furthermore, cellular viability and proliferation potential of MC3T3-E1 pre-osteoblasts
grown onto membrane surfaces were monitored at 24 and 72 h post-seeding by combining a
qualitative method (cell labeling with calcein AM and EthD-1) with a quantitative one (MTT
colorimetric assay).
Fluorescence micrographs (Fig. 10 b) of representative fields of membranes incubated
with calcein AM/ EthD-1 show a high percentage of positive cells for calcein (viable cells) on
both membranes and a small number of dead cells marked by red fluorescence. Also, MC3T3-
E1 cells adopted over time an elongated fibroblast-like morphology due to the cell attachment
and spreading phenomena. These results indicate that both analyzed membranes support pre-
osteoblast adhesion and growth.
MTT assay is a quantitative method that allows a direct and proportional relationship
between cell number and cell metabolism. As shown in Fig. 10 (c), the optical densities (OD
550 nm) increased during the period of culture. This suggests that the analyzed membranes are
able to promote cell proliferation. It is also a noticeable increase in OD 550 for CA-APTS-GA-
SER membrane as compared with pristine CA membrane both at 24 h and at 72 h of culture.
This behaviour can be due to the functionalization of pristine CA membrane with sericin, a
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natural protein extracted from silk worm showing valuable properties 32-34 that make it useful
for biomedical applications 29, 35-39.
In order to assess the morphological features of MC3T3-E1 pre-osteoblasts in contact
with the developed membranes, visualization of the actin filaments by fluorescence microscopy
was performed at 24 h post-seeding. As shown in Fig. 11, the cells assumed a predominantly
spindle-shaped appearance on CA membrane with well defined actin filaments. On the surface
of CA-APTS-GA-SER membranes, the MC3T3-E1 cells adopted predominantly a typical
polygonal morphology with numerous lamellipodia and prominent actin stress fibers that
appeared to be arranged parallel to the long axis of the cell.
These results are in agreement with previous studies 35, 40-41 showing that the cells
cultured on crosslinked sericin films/scaffolds reveals good cell adhesion, morphology and
spreading.
Conclusions
The present work provides the comprehensive study on the synthesis, functionalization
and derivatization of cellulose acetate membrane for potential biomedical applications.
Cellulose acetate membranes were synthesized along with immobilization of sericin on their
surface. The sericin was immobilized by the cellulose acetate membrane’s surface treatment
with APTS and glutaraldehyde. Homogeneous obtained membranes were thoroughly
characterized by FT-IR spectroscopy, Raman, XPS, TGA/DTG and scanning electron
microscopy. These results suggests that cellulose acetate membranes can be effectively treated
with APTS and strongly bound to protein. It was also observed from the study that the surface
membranes uniformity and the morphology changes following the derivatization and
immobilization reactions. After sericin immobilization, the water flow increased from 9800
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L/m2h to 11150 L/m2h due to the increased hydrophilicity of the protein. In the bovine serum
albumin and haemoglobin retention study it was found that in both cases, the highest retention
was attributed to the membranes with surface immobilized sericin (91% retention for BSA,
96% for hemoglobin). Membranes degradation studies in physiological pH solution also
revealed that as a result of derivatization, the membranes stability increases. After three
months, the CA-APTS-GA-SER membrane mass decrease is only 26%, compared to 47% for
CA membranes. Cell culture experiments with MC3T3-E1 pre-osteoblasts demonstrated that
CA-APTS-GA-SER membrane elicits a good cell response in terms of cell adhesion, viability
and proliferation. These membranes characteristics recommend them for potential applications
in osseointegration processes, which is favoured both by sericin and membrane porosity that
would allow osteoblasts proliferation. Further study in this direction is under investigation and
will be reported in due course of time.
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Figure 1 (a) Schematic representation of synthesis of Cellulose Acetate membrane
Figure 1 (b) Functionalization and derivatization reactions of cellulose acetate membranes
25
Figure 2 FT-IR spectra of the as synthetized and functionalized/ derivatized cellulose acetate
membranes, inset a) – differences between sericin spectra and functionalized membranes
spectra and inset b) – N-H stretching (3450 cm-1) with intensity differences.
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Figure 3 Raman spectra of the as synthesized and functionalized/ derivatized cellulose acetate
membranes
27
Figure 4 The XPS spectra of the as synthesized and functionalized/ derivatized cellulose
acetate membranes. Peaks at around 285, 532, 102 eV corresponds to carbon (C 1s), oxygen
(O 1s), and Si2p respectively.
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Figure 5 SEM images on the membranes active surface: CA (a), CA-APTS (b), CA-APTS-
GA (c) si CA-APTS-GA-SER (d), index 1 refers to the active surface of the membrane and
index 2 to the porous one
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Figure 6 Raman spectra of the as synthesized and functionalized/ derivatized cellulose acetate
membranes
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Figure 7 Water flows through the as synthesized and functionalized/ derivatized cellulose
acetate membranes
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Figure 8 (a) Bovine serum albumin through the as synthesized and functionalized/ derivatized
cellulose acetate membranes
Figure 8 (b) Hemoglobin retention through the as synthesized and functionalized/ derivatized
cellulose acetate membranes
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Figure 9 (a) Comparative results of membranes mass loss in aqueous solution at physiological
pH
Figure 9 (b) Comparative results of membranes mass loss in solution pH evolution in time
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Figure 10 Viability/ proliferation of MC3T3-E1 pre-osteoblasts grown on CA and CA-APTS-
GA-SER membranes for 24 and 72 h. a) LDH assay (n=3, mean±standard deviation); b) Live
/ Dead assay (live cells are green and dead cells are red) and c) MTT assay (n=3, mean±standard
deviation).
34
Fig. 11 Merged fluorescence images of MC3T3-E1 pre-osteoblasts stained with AlexaFluor
488–Phalloidin (actin) and DAPI (nuclei) showing cell morphology on CA and CA-APTS-GA-
SER membranes at 24 h post-seeding.
